ABSTRACT
INTRODUCTION
Implantable Medical Devices (IMDs) have been used for more than 50 years. The early IMDs dated back to the implantable pacemaker in 1958 [1] . Since then numerous types of IMDs were introduced to tackle different health issues. Implantable cardioverter-defibrillators were developed for detecting cardiac arrhythmia and correcting through electric pulses [2] . Implantable insulin pumps were developed to deliver insulin into the body depending on the blood sugar level of the diabetic patients [3] . These traditional IMDs mainly function by monitoring the local signals and activating certain event for reaction. The required power level ranges from μW to mW. With the advancement in VLSI technology, more sophisticated implantable circuits and systems have been developed that have more sensing capability and stimulation functions. Low power wireless data transmissions are also possible. This creates a new class of IMDs which not only monitor and activate signals in the local region, but also collect data, send it back through wireless channel to a local host to do signal processing and receive commands wirelessly to execute massive stimulation and activation. Examples are the implantable retinal prosthesis devices [4, 5] , of which the goal is to restore some vision to people who have degenerative eyesight.
Implants are either on the retina (epiretinal implants) or behind the retina (subretinal implants). Images are either captured by an external camera or the implanted micro-photodiodes. After processing, the signals are either generated locally or transmitted from a host processor through a wireless channel to generate electrical simulation signals to the retina cells. Power hungry circuits such as wireless receivers and electrical stimulators are required. Another example is cochlear implants, which generate electrical stimulation to the auditory system to recover some of the auditory function for the hearing-impaired [6] . Also neural implants are used to directly stimulate the neural cells at the areas of the brain that are dysfunctional due to diseases [7, 8] . Neural implants that have the capability of capturing the activity of the brain and using it for braincomputer or brain-machine interface are also becoming reality. These neural implants require circuits to do electrical stimulation, data capture and also wireless communication, and hence require significant amount of power. Table 1 gives a summary of the power requirement of different types of IMDs.
There are many design challenges for IMDs. Power consumption, size, durability, reliability and biocompatibility are some of the key ones. Among them, power consumption is probably the dominant issue as it also affects the other factors. Traditional IMDs such as pacemaker and defibrillator use battery to provide power to the device. Even though the current consumption of the device is in the range of μA, the battery only lasts for a certain period of time (15 years for pacemaker and 7-8 years for defibrillator). When the battery is gone, another operation is required to replace the old device with a new one. For other devices such as neural implants which consume significantly larger power, either a larger battery is used which leads to a larger volume or the frequency of replacement is increased. Both are not desirable as we want the IMDs to work perpetually and we want them small. To achieve this contradicting goal, energy harvesting and wireless power delivery methodologies were proposed as the power supply methods for IMDs. Energy harvesting has become popular recently as a strategy to provide power for low power sensors or microsystems used in areas with environmental hazard where it is difficult to recharge or replace the battery [9, 10] . Different types of devices were developed to scavenge energy from the environment. Sources of energy include solar, wind, vibration, radioactivity, ambient RF and heat. Human body, at the same time, is also a great source of energy.
Every day for an adult, the average daily diet provides about 10MJ of energy. Different amounts of power are generated for different daily normal activities, e.g., housekeeping generates 175W and 81W is produced during sleeping [11] .Therefore it is tempted to use this as the energy source for IMDs. For the case that we cannot harvest energy from the body, if we can obtain the power wirelessly from outside to power up the implanted devices or recharge the battery, it will remove the requirement of an internal battery or help to reduce its size, and prolong the lifetime of the devices. In this monograph, we will review the recent trends in the research and development of the power provisioning methodologies for IMDs.
We categorize the methods of providing power to IMDs into two types, the "in-body" type and the "out-of-body" type. The in-body energy sources come from the human body. These include the kinetic, thermal, biochemical and direct electrical energy. The movements of the human body or even the internal organs [12] are good sources of kinetic energy. In [13] and [14] it is shown that several μW to mW of power can be extracted from the trunk and the head of the body during walking or running. The inner human body temperature is maintained at a relatively constant value of 37•C and there is a temperature gradient between the inner body, the skin and the air ambience. Exploiting this existing thermal gradient, thermal electric generator (TEG) can be used to generate electric power.
Another abundant source of energy inside the body is glucose. Implantable biofuel cells using glucose as a reactant have been investigated and researched for a long time. It has been demonstrated recently that tens of μW/cm2 power density can be generated constantly for over a month using glucose biofuel cell. Some of our body part is itself a natural electrical battery, e.g., endocochlear potential. If the potential is large enough and the corresponding power condition circuits can be designed to match with the requirement, electrical energy can be harvested directly from this potential. In [15] it has been shown that nW of power can be extracted from the ear of a guinea pig for up to 5 hours. For out-of-body power delivery, external energy source is used to couple the energy into the IMDs or directly activate the energy harvester implanted inside the body. The external power sources come from magnetic energy, ultrasonic wave, optical wave and the most common one, electromagnetic induction.
The whole implantable energy harvester/receiver consists of three parts (Fig. 1) , the primary energy source, the energy transducer and the power conditioning blocks. The primary energy source is either "in-body" or "out-of-body" source. The energy transducer collects the harvestable energy in a certain form and transforms it into electrical energy. The harvested electrical energy is time varying and usually the output voltage and power levels are low. Therefore power conditioning system is required to regulate the output voltage and deliver the output to the load in the required form. In some energy harvesters, the harvested power varies with the environment and there exist some operation points that the harvested power is maximized. In this situation, the power conditioning block is also required to track and operate the system in the maximum power point (MPP) in order to optimize the power transfer efficiency.
The rest of the paper is organized as follows. Section II will discuss different types of energy harvesting sources and wireless power delivery mechanisms. The corresponding energy transducer designs will also be presented and the optimum design strategies will be discussed. The building blocks of the power condition circuits will be presented in Section III. Detail system and circuit design will also be provided. Section IV concludes the review paper.
ENERGY SOURCES AND TRANSDUCERS

IN-BODY ENERGY HARVESTING
In-body energy harvesting converts the mechanical energy, chemical energy, heat energy and electrical potential available in the human body into useful electrical energy form to power up the IMDs. In the following subsections, we will present these energy sources inside the human body and discuss the transducers used to harvest these energies.
KINETIC ENERGY HARVESTING
In human body, kinetic energy is obtained from the voluntary movement of the limbs and the body, the involuntary movement of the organs and the muscles and the vibration induced from the actions of the body. They can be regular or random. Kinetic microgenerators are used to convert the kinetic energy into electrical energy. They are based on three different energy transduction methods, electromagnetic, piezoelectric and electrostatic.
(i) Electromagnetic
Electromagnetic transduction uses the change of magnetic flux to induce a voltage to drive current in a circuit loop. The change of the flux comes from either the movement of the circuit over a fixed field or a moving magnet. One classical body-based electromagnetic microgenerator is used in the automatic power-generating system (AGS) (Fig. 2) of Seiko Kinetic wristwatch where the wrist motion causes the rotation of an imbalanced rotor that drives a microgenerator through a train of speed up gears [16] . A few μW of power is extracted from this device. AGS was extended to use in pacemaker applications. In [17] , it is estimated that with a heartbeat rate of 200 beats per minute (bpm), 80 mJ is generated in 30 minutes, i.e., 13 μJ per heartbeat. This amount of harvested energy is sufficient to pace a mongrel dog. More recently, in vivo experiment was done in [18] Fig. 2. Structure of AGS [27] where the AGS was affixed onto a sheep heart for 1 hour. With a rate of 90 bpm, the average power collected by the AGS is 16.7 μW, i.e., 11.1 μJ per beat. With the power consumption of the latest pacemakers being reduced to 8 μW [19] , it is enough to use AGS to harvest the heartbeat energy to power up the pacemaker. One of the drawbacks for AGS is that moving mechanical parts have friction. Wear and tear will happen and regular maintenance is required. This means extra operation to the patient and may not be desirable.
(ii) Piezoelectric
Piezoelectric transducer produces charges when a mechanical force, either stress or strain, is applied on it. The resonant frequency of the piezoelectric generator is inversely proportional to it size. Thus the smaller it is, the higher its resonant frequency. At the same time, the human motion is usually of low frequency and high amplitude. Thus most of the human piezoelectric generators obtain power either through direct straining or by impacting through direct force instead of periodic vibration. In [20] , an integrated piezoelectric lead zirconate (PZT) dimorph was put in the shoe's insole for energy harvesting (Fig. 3) . Low frequency direct force during walking and running creates mechanical stress on the material and generates charge accordingly. On average 8.4mW is produced for a 500-kOhm load at a 0.9-Hz walking pace.
However piezoelectric generation based on limb movement is not a good choice for power supply for IMDs since no energy is generated when the patient is not walking or running. As sensors based on MEMS technology become more mature and sophisticated, it is anticipated that some of the IMDs only need power in the range of μW. This triggers new investigations on using piezoelectric generator to provide very low amount of power. Ramsay and Clark [21] and Sohn et al. [22] investigated the feasibility of using piezoelectric membrane to extract energy from the change of blood pressure at each heart pulse. The change of blood pressure is typically in the range of 30 to 50mmHg. It was estimated that theoretically 23 μW can be extracted for a membrane size of 1cm2 and 9 μm thick. Nanodevices were also proposed for biomechanical energy harvesting [23] .
Piezoelectric nano-wirebased nano-generator that consists of a flexible substrate with Zinc-Oxide (ZnO) nanowires affixed at two ends is used to harvest energy from muscle stretching. It was shown that when the device is put on a running hamster, the short-circuit output current and open circuit voltage reached 0.5 nA and ∼50mV to 100mV, respectively. Nano-generator is interesting because it can be integrated with other electronic circuits in the same substrate or chip. However, currently the power and output voltage level generated are still too low to be practical.
(iii) Electrostatic
Electrostatic transducers use variable capacitors to transform the mechanical energy into electrical potential energy. The capacitance value is varied by changing the separation or the overlapping of the parallel plates of the capacitor using the harvested mechanical force. There are two types of electrostatic transducers, fixed-charge and fixed-voltage. For the first one, the capacitor is pre-charged and then the relative motion causes the plates to move. When the separation of the plates is increased, the capacitance is reduced. With a constant charge, the voltage of the capacitor increases and hence energy is stored in the capacitor. For the fixed-voltage transducers, if the voltage is fixed, the increase in the plate separation shrinks the electric field strength and hence causes charge to flow into an external circuit as a current. Meninger et al. [24] gives a detail description of the operation cycles for the two modes and the energy conversion cycles.
Biofuel Cell
Fuel cell is an electrochemical device that generates power by providing catalyzed complementary electrochemical reactions at the anode and cathode pairs. Reducing-agent fuel is on the anode while an oxidant flows across the cathode. In biofuel cell, glucose, which is of abundant quantity in the human body, is used as the fuel and oxidized at the anode while oxygen is reduced to water at the cathode. Fig. 4 shows the schematic of a simple membrane-based biofuel cell. There are three types of glucose fuel cells, depending on the type of catalyst used. They are microbial-catalyzed, abiotically-catalyzed and enzymatically-catalyzed. Using living microorganisms such as bacteria, microbial fuel cells can catalyze complete oxidation at the anode and generate 24 electrons per molecule of glucose consumed. Thus it has the highest efficiency and the power density is in the range of >1000 μW/cm2. However because of safety and biocompatibility, it is not suitable for IMDs.
Enzyme-based fuel cell is the next highest in catalytic efficiency. Many researches have been done in the recent years and the output power density has been improving. The operating voltage and power density was improved from 0.4V and 140 μW/cm2 [25] to 0.52V and 430 μW/cm2 [26] .
THERMOELECTRIC ENERGY HARVESTING
Human body is a large heat energy source. Thermoelectric generator (TEG) uses the temperature difference between the body and the ambience to convert thermal energy into electric energy. In [27] , it is advocated that using the temperature difference between the inner surface of the skin and the core body, enough energy can be generated to provide power for implants such as pacemaker. It is also theoretically demonstrated that using thin film super-lattice thermoelectrics, enough power can be obtained even when the temperature difference is only 0.8•C. In [28] , flexible TEG is fabricated and attached on the human body to demonstrate that about 1 μW can be obtained when the temperature difference between the skin and the ambience is 10ºC. TEG is based on the See beck effect. A voltage is created when there is a temperature difference at the two junctions where two metals or semiconductors are joined. The voltage is given by the following equation where T1 and T2 are the temperatures at the two junctions, S A and S B are the Seebeck coefficients of the two materials, respectively. The voltage and power generated by individual thermocouple may not be enough for applications. We can put them electrically in series and thermally in parallel to form a thermopile to increase both the output voltage and power. Fig. 5 shows an example structure of a thermopile. For a certain heat flow, the temperature difference depends on the thermal resistances of the thermal circuit. Fig. 5 . A typical thermopile structure [29] . Fig. 6 . Thermal circuit for TEG energy harvester [30] . Figure 6 shows the equivalent thermal circuit when the thermopile is placed between the body core or the skin (the hot plate) and the air (the cold plate). R si , R so and R teg are the thermal resistances of the heat source, sink and the thermopile, respectively. To extract the maximum power from the TEG, it seems that we need to maximize the thermal resistance of the TEG (R teg ) so that the temperature gradient across the thermopile is the maximum. However, since the thermal and electrical impedances both affect the power extraction efficiency and are also related to the dimension of the thermopile, we need to consider their matching together [30] .
A 5mm×5mm TEG is built with 540 × 540 wires, each has a diameter of 80 nm and 1 μm height. While these micro-TEGs are very small in size and can be integrated with other CMOS circuits, the extracted power and output voltage are too low to be practical under the current technology. In general the output voltage ranges from a few mV to 100mV and the effective power extracted ranges from a few nW to a few μW.
A complete thermal energy harvesting power supply for implantable pacemakers [31] wass presented. The designed power supply includes an internal startup and does not need any external reference voltage. The system is designed such that no failure occurs under overload conditions. Using this approach, a thermal energy harvesting power supply has been designed using 180-nm CMOS technology.According to HSPICE simulation results, the circuit operates from input voltages as low as 40 mV provided from a thermoelectric generator and generates output voltages up to 3 V. A maximum power of 130 μW can be obtained from the output of the boost converter. TE energy harvesting system architecture for the implantable biomedical devices has been shown in Fig. 7 . 
HUMAN BODY BATTERY
Human body has many natural electrochemical potentials, for example, membrane potential across the cell, and it can be treated as a kind of biological battery. It has been known for a long time that for mammals the inner ear has the highest positive electrochemical potential, which is about 70-100mV [32] . It is called endocochlear potential (EP) and is actively maintained by the inner ear to facilitate the cochlear mechanotransduction of sound pressure vibration into electrical signal and excite the auditory nerve. A chip was designed, and fabricated to harvest this tiny electrical energy directly from the ear [32] . To demonstrate the usefulness of the extracted energy, it is integrated with a wireless sensor which monitors and reports the EP itself. In vivo demonstrations were done and a minimum of 1.12 nW was extracted from the EP of a guinea pig for up to 5 hours. The amount of power extracted is smaller than the theoretical value that can be generated from the EP of the guinea pig, which should be in the range of 14-28 μA [33] .
It is because the pin-shaped electrode used has high impedance. Figure 8 shows the implantation of the energy harvesting chip in the cochlea. Since the extracted power level is so low, there are many challenges to use it to power practical circuits. Extremely low duty cycling is needed to reduce the active power consumption. Also the quiescent power of the circuit has to be much lower than the extracted power in order to allow the energy to accumulate during the sleep period.
In addition, since the output voltage is very low, ∼100mV, step-up boosting circuit is needed and hundreds of mV is required to start up the circuit. In [32] , a wireless kick-start energy receiver and buffer are used to solve the start-up problem. At the same time extreme leakage reduction and ultra-low power design techniques are used to reduce the quiescent power. It was shown that the power extracted can enable a 2.4-GHz radio to transmit one EP measurement data every 40-360 s. This shows the potential of using biologic battery inside the body to drive some very lowpower IMDs. 
OUT-OF-BODY WIRELESS POWER DELIVERY
Besides harvesting energy from the human body directly, we can also obtain energy from the outside sources through different wireless media. The difference from the environmental energy harvesting is that the energy source is actively applied near the human body and the transducers in the IDMs pick up and convert the coupled energy into electrical energy. The external energy source can be mechanical, optical or electromagnetic waves.
MECHANICAL ENERGY COUPLING
Mechanical energy can be picked up inside the body through coupling using different wireless media. In the following, we will discuss two wireless mechanical coupling media, ultrasound and magnetic field.
(i) Ultrasound
Ultrasonic instruments have been used for human body diagnosis for a long time. At the same time, ultrasound can be used to transfer energy from one point to another point inside the human body. Ultrasound has advantages over electromagnetic coupling since it does not create any EM interference to other devices and also is immune to EM interference itself. Mechanical transducers, mainly piezoelectric elements, pick up the mechanical energy induced by the ultrasonic wave and vibrate. The induced vibrational energy is then transformed into electrical energy. Figure 9 shows how to use the ultrasonic wave to transfer energy into the body implants [34] . The idea of using ultrasonic wave to transfer energy for implantable devices can be dated back to 1988 when Cochran et al. [35] incorporated a piezoelectric element near the fracture bone to generate small current to stimulate the bone healing when it is excited mechanically by an external ultrasonic source. In vivo experiments showed that with a piezoelectric material of 5 × 5 × 0.9mm3 size, using a ultrasound wave with 2.25 MHz frequency and 10-20V input on the external ultrasonic transducer, a rectified current of 20 μA was generated. Phillips et al. [36] used ultrasound to power up a nerve stimulator. In vivo experiments were done on a large American bullfrog. Using a 3.5-mm diameter receiver and a source from a 6mm diameter 2.25MHz ultrasound transducer, a 1.75-2.75 V rectified output voltage is obtained when an average 1-1.25mW/cm2 ultrasound intensity is applied and the two transducers are 6mm apart. It is also shown that the current generated is sufficient to produce muscle twitches at the bullfrog. It demonstrates that ultrasound can be a good way to couple energy for nerve stimulation. The efficiency of the ultrasonic energy coupling depends a lot on the acoustic impedance and hence the packaging of the devices. Packaging issue of the piezoelectric implant was tackled in [37] . Soft biocompatible cohesive gels are used as packaging and they are soft enough to absorb the incident wave from the subcutaneous tissues. Experiments were done using real pork as the separation medium and it was also shown that a spherical package is more suitable than the cubic one when the device is buried in the fatty layer.
(ii) Magnetic coupling
Suzuki et al. [38, 39] proposed a power supply system for implantable medical devices using magnetic coupling. The energy source comes from a rotor which has permanent magnets at the circumference. A similar rotor is placed inside the IMD. Figure 10 shows the principle of the magnetic coupling through rotor and the design of the implanted rotor. The magnets of the two rotors form the magnetic coupling. When the external rotor is rotated at a low frequency by an external mechanical force, the internal rotor rotates synchronously due to the varying magnetic field coupling. A micro generator is attached with the internal rotor and thus AC power is generated which is then rectified by the power conditioning circuit to generate the required DC voltage source. Output power is increased through the use of high-ratio gear, and by increasing the number of magnets on the rotors and using multi-polarized generator. The major advantage of this scheme is that it can provide large amount of power even the implant is located deep under the skin. From the experimental result in [39] , the maximum power is 3.1W when the distance between the two rotors is 1.5 cm and the internal rotor is rotating at 87 rps. The power can keep at a level larger than 1W when the distance is below 2.5 cm. The power is dropped to zero when the distance is larger than 4 cm. In [40] , more powerful generators are used to increase the power generation. The peak power is increased to 6W while the distance is extended to 3 cm if we want to keep the power larger than 1W. No in vivo experiment has been reported for this technology.
There are several disadvantages of using magnetic coupling and these restrict its deployment in IMDs. First the volume of the overall implanted generator is large, about 10 cm 3 . Second, biocompatibility is another problem. Putting a rotating device inside a body may cause issues such as heat dissipation to the body. In addition, magnetic coupling device is not maintenance free. Since the device has rotational components, constant lubrication is required to reduce the frictions.
OPTICAL ENERGY COUPLING
Using solid-state light and free-space optical communication, we can transmit both power and signal through visible light.
In [41] , a sensor that can receive power, clock and data from optical sources at different wavelengths were presented. Clock data recovery (CDR) and deltasigma-modulator (DSM) circuits were used to demonstrate the optical communication and data processing part. Integrated photodiodes are used to supply power and capture optical data.
Twelve photodiodes, each of 75 × 75 μm2, were used. When the photodiode is illuminated by a 10mm white LED and the transmission distance is 1 inch, the CDR functions correctly at a data rate of 50 kbps with a supply voltage of 300mV. Also the performance of the DSM for an output sampling rate of 256KHz with an input tone at 177Hz was shown for different input light intensities.
INDUCTIVE COUPLING
Electromagnetic inductive coupling is the most common ways of providing power to IMDs externally. Usually near-field electromagnetic coupling is preferred than far-field coupling due to its higher efficiency and less absorption by the human body. For near-field coupling an internal coil (secondary coil) picks up the power induced by an external coil (primary coil) as shown in Figure 11 [42] . An ideal model for the electromagnetic inductive coupling is shown in Figure 12 . L1, L2 and M are the self-inductances of the two coils, and their mutual inductance, respectively. In [43] three-coil transmission system was proposed to achieve both high link efficiency and high power delivered to load (PDL). It was shown that for a link with 13.56 MHz carrier frequency, if the coupling distance is short, two-coil links is still the best choice when the driver has large output resistance or the load power is small. When the distance exceeds 10 cm, three-coil system gives the highest link efficiency and PDL. Link efficiency is 147% and 5% higher and PDL is 1.5 and 59 times higher than its equivalent two-and four-coil links, respectively. Table 2 .1 shows a comparison of different energy provisioning technologies discussed in the previous subsections in terms of amount of power harvested or coupled, size, location of deployment and possible applications. The power numbers are obtained from measurement data of real prototypes. From the table, we can see that in general out-of-body wireless electromagnetic inductive coupling power delivery provides the highest power delivery than other methodologies. Also other out-of body power delivery methods show good power density number. However most of the out-of-body wireless power delivery devices work only when the device is not implanted deeply into the body. They are either implanted in the eyes or just underneath the skin surface or the skull. It also needs an active source of energy and cannot work without the attention of the patient. It can also be seen that although MEMS-based and nanotechnology based devices can be easily integrated with the electronics together, in general the energy outputs of these devices are quite small, in the range of nW. It is only useful if the power consumption of the application is very small. Figure 13 shows a diagram of a human body, which illustrates the possible locations of deploying the devices that use different types of energy provisioning techniques.
COMPARISON OF DIFFERENT ENERGY PROVISIONING TECHNOLOGIES FOR IMPLANTABLE DEVICES
POWER CONVERTER
In the power conditioning system, the power converter is the most important component. It should have high power conversion efficiency and also cover a large range of input voltage as the operation environment varies significantly. Different power converters are used for different energy provisioning techniques depending on whether the received power is AC, DC or pulse type.
DC TO DC POWER CONVERTER
When the harvested power is DC, DC to DC power converter is needed. Either switching converter or charge pump can be used. Switching converter supports large input voltage range and has high efficiency. For applications that require the output to supply the load and recharge the secondary storage at the same time, a single inductor dual-input dual-output DC-DC converter as shown in Figure 14 . was proposed [44] to reduce the number of external inductor to 1. If the harvested energy from V PH is larger than the loading (VO), the extra energy flows into the battery V BAT through D2. If the harvested energy from VPH is less than the loading, the battery V BAT supply the extra energy required from M2 to the loading. Despite having high efficiency and supporting large input voltage range, switching converter requires a big off-chip inductor, which is disadvantageous for the miniaturization of the IMDs. Recent researches proposed to use bonding wire as the inductor so that the whole DC-DC converter can be integrated into a single chip [45] . However the inductance value is quite small, only around a few nH. Thus high switching frequency of around 100MHz is required to maintain the normal operation of the converter. This causes high switching power overhead, reduces the power conversion efficiency and hence is not suitable for IMD applications where the extracted power level is usually not very high.
To implement a fully on-chip integrated power converter, charge pump (QP) can be used as it only consists of switches and capacitors and both of them can be integrated on-chip. The power requirement of the IMDs is usually in the order of mW or even μW. On-chip QP is a good choice for IMDs. In [46] , a solar cell is integrated and utilized to harvest the optical energy to charge a re-chargeable battery. Charge pump circuit is used to provide the load power from the harvested power. QP can be either step-up or step-down. For the step-up QP, there are linear QP [32, 47] , Fibonacci QP [48] and exponential QP [49] , of which the conversion ratio, i.e., the ratio of the output voltage to the input voltage, varies with the stage number accordingly. If the step-up QP is used reversely, it becomes a step-down QP. For IMD applications, the energy source varies with the operation environment and so does the input voltage. QP with a fixed number of stages cannot always guarantee to provide a high-enough output voltage to satisfy the load requirement. A reconfigurable charge pump was proposed in [50] (Figure 14 ) in which the conversion ratio is tunable depending on the input voltage values. By doing so, the allowable input voltage range is enhanced significantly.
For DC energy harvesting, when there is no initial energy, the switching converter and the charge pump cannot start properly. In [51] , a small step-up charge pump with an oscillator working at a very low supply voltage is used as the start-up circuits. It is shown in Figure 15 . Fig. 15 . A start-up circuit based on DC oscillator and charge pump for DC-DC converter [51] .
As long as the output voltage of the energy generator can start up the oscillator, the step-up charge pump will generate a higher voltage to wake up the control circuits in the main DC-DC converter or the main charge pump. After that, the main DC-DC converter can work properly.
POWER CONDITIONING CIRCUITS
The basic building blocks of the power conditioning circuits are power converter, start-up circuit and the Maximum Power Point Tracking (MPPT). The power converter is the most important block in the power conditioning circuit. A DC-DC converter with rectifier which is shown in Fig.  16 has been implemented [52] . This type of power conditioning circuit enhances the overall efficiency of the power converter. Fig. 16 . DC-DC converter with rectifier [52] In the power conditioning circuit of the energy harvesting [55, 56, 57] system, start-up is another very important issue. For the power converter circuit to work, we need to power up the control circuit first. If there is a rechargeable battery with initial energy in the system, it can provide power for the control circuit during the starting up of the system. A kinetic start-up mechanism [53] for DC-DC converter is shown in Fig. 17 . Fig. 17 . A kinetic start-up mechanism for DC-DC converter [53] .
For some energy generators such as piezoelectric material or PV cells, there exists a maximum power operation point. If the electrical model of the energy generator model is linear, e.g., piezoelectric generator, the maximum output power is achieved when the input impedance of the power converter is conjugate matched with the load impedance. A continuous MPP tracking method is shown in Fig. 18 . Fig. 18 . A continuous MPP tracking method [54] 
CONCLUSION
Various energy harvesting and wireless power delivery techniques for IMDs were reviewed. Different energy sources and the corresponding energy transducers and generators were presented and discussed. For different energy generators, different power conditioning circuits are required. The building blocks of the power conditioning circuits such as the power converters, the protection circuits and maximum power point tracking circuits were presented. Other design issues such as start-up issues and power control mechanisms were also discussed. From this review paper it is evident that the energy harvesting circuits are necessary and unavoidable for the next generation implantable biomedical devices such as cardiac pacemaker, implantable insulin pumps and neural implants etc. 
